Mechanical properties of large diameter welded steel pipes depend on the thermomechanically controlled rolled (TMCR) plate microstructure and UOE pipe-forming cold deformation sequence. Strength from plate to pipe may increase (work-hardening) or decrease (the Bauschinger effect). Bauschinger effect parameters depend on steel composition and plate processing history. The present study is examining two pipeline grades: X60 (Nb-alloyed) and X65 (Nb-and V-alloyed). Mechanical properties are determined by grain refinement, solid solution, precipitation strengthening mechanisms, and work-hardening (work-softening). The reverse deformation yield drop increases with an increase in the precipitate particle volume fraction and pre-strain. Annealing, leading to a decrease in the dislocation density, reduces the yield drop. The Bauschinger parameters are being quantitatively related to the particle type, size, and volume fraction, and the dislocation density. 
INTRODUCTION

Mechanical properties of large diameter (> 400 mm)
welded steel pipes for the oil and gas industry depend (Table 1 , [1] [2] [3] [4] [5] ). The combined action of microalloying, TMCR processing and accelerated cooling results in significant grain refinement and precipitation strengthening [6, 7, 8] . The influence of the Bauschinger effect on pipe properties was observed in two ways: pipe testing (flattened specimens showed 20% lower yield strength than pipe rings [1, 9] ), and plate to pipe property change (the yield stress decrease from plate to pipe depending on strain level [10] ). Recent investigations showed a dependence of the Bauschinger effect on the steel chemical composition and plate processing history [11, 12] . Using the back stress [13] and Orowan [14] theories, a Bauschinger stress parameter dependence on microalloy particle volume fraction has been found [15] . In this article, the influence of particle type, size, volume fraction and number density and dislocation density on the strength of pipeline steels, and the Bauschinger effect in particular, is presented. [4, 5] * CVN -Charpy V-notch energy
MATERIALS AND EXPERIMENTAL
TECHNIQUES
Two different steel plates were provided by Corus plc,
Plates and Commercial Steels ( Table 2 ). The C-Nb plates were 10.2 mm in thickness and C-Nb-V 10.5 mm. Mechanical properties meet the requirements of API for the grade X60 (C-Nb) and X65 (C-Nb-V) ( Table 1) . The microstructure and mechanical property investigation was carried out for both steels in as-rolled and annealed conditions. Annealing at 550 0 C for 30 min was applied to modify the dislocation structure and microalloy particle distributions, without affecting the grain size and the second phase (pearlite) content. 
RESULTS AND DISCUSSION
Microstructure characterisation
Optical microscopy of the two steels showed banded ferrite-pearlite microstructures. Sub-surface plate areas showed smaller ferrite grain sizes than the mid-thickness.
Second phase (pearlite) content increased towards the centreline consistent with macrosegregation. Average pearlite content decreased with decreasing carbon content.
Average microhardness increased slightly in the C-Nb-V steel compared to the C-Nb steel due to grain refinement, precipitation strengthening and work-hardening from a lower finish rolling temperature (Table 3) . Table 3 Microstructure characterisation
Steel grade
Grain size, m Pearlite content, % HV surface centre surface centre T-Calc
SEM and TEM study of precipitates SEM EDS of the precipitated particles in both steels revealed these to be Nb-rich and Nb-Ti-rich, which corresponds to Thermo-Calc predictions ( Figure 2 ). As it was impossible to separate Nb and Nb-Ti particle distributions, their average diameter and area fraction were calculated together. For the number of particles measured in this work area fraction can be considered equal to the volume fraction and compared with the Thermo-Calc theoretical prediction. Analysis of the obtained results, Table 4 , shows the volume fraction in pearlite to be larger than that in ferrite due to microsegregation, which is consistent with previous research [17] . 2.63 *fTC -particle volume fraction calculated with Thermo-Calc TEM investigation was carried out for both C-Nb and C-Nb-V steels in as-rolled and annealed conditions. Annealing at 550 0 C for 30 min with further air cooling was carried out to modify the dislocation structure and particle distributions in order to investigate their influence on the Bauschinger effect. However, this heat-treatment schedule did not influence the particle distributions in the C-Nb steel, which corresponds with the reported stability in ferrite [18] and Thermo-Calc predicted stability of NbC and Nb(C,N) below 680 0 C. In the C-Nb-V steel particle growth and precipitation of new small particles was observed as a result of annealing. TEM EDS study of the particles smaller than 50 nm in the C-Nb-V steel revealed these to be Nb-, V-and Cu-rich ( Figure 3) .
As it was difficult to separate V-rich and CuS particle distributions their parameters were calculated together (Table 5 ). In the as-rolled steel particle diameter decrease and number density increase towards mid- 
Dislocation sub-structure
Thin foil TEM imaging of both steels in the as-rolled and annealed conditions revealed dislocation substructures with uniform dislocation density ( Figure   4 ,a). Clusters and cell arrangements were also observed in some grains (Figure 4,b) . Dislocation loops were numerously present in the C-Nb-V steel, though in the C-Nb steel they were scarce. Due to the lower finish rolling temperature, the dislocation density in the C-Nb-V steel is higher than in the C-Nb steel (Table 6) . Annealing leads to a dislocation density decrease due to annihilation. Absolute values of the dislocation density are in good agreement with the reported data for hot-rolled low carbon steels [21, 22] and TMCR-processed X80 steel [3] . 
Mechanical properties
Mechanical properties of both steels were studied in the as-rolled and annealed conditions, during forward and reverse loading ( Figure 5 ). The C-Nb-V steel showed higher compression yield stress than the C-Nb steel due to the larger dislocation density and precipitate number density (Table 7) . However, 2.7 % increase in the yield stress from the C-Nb as-rolled to the C-Nb-V as-rolled steel appears to be inconsistent with the large increase in particle number density and increase in dislocation density. This may be due to the small coherent particles, (Cu, V)-rich with a diameter below 50 nm, not pinning the dislocations strongly enough to increase the yield stress. The strength difference is consistent with the hardness difference, Table 3 . Annealing did not affect the compression yield stress significantly. In the C-Nb steel, where particle number density is relatively low and dislocation-dislocation interaction is the main source of work-hardening. Whilst annealing decreased the dislocation density, the finish rolling temperature of 745 C resulted in a relatively low dislocation density in the as-rolled steel, meaning that the yield strength is more dependent on grain size, which did not change in annealing. In the C-Nb-V steel, where dislocationparticle interaction is a more significant contributor to strength; dislocation density and particle number density decrease during annealing would be expected to result in a yield stress decrease. However, as average particle diameter increased, the number of particles effectively pinning the dislocations may also increase, and hence a yield stress decrease is not observed; this is discussed further below. Figure 5 Typical stress-strain curve during compression-tension testing Mechanical properties in the reverse direction were assessed with the Bauschinger stress parameter [23] (Figure 5,6 ):
where p -maximum pre-stress and r -the yield stress in the reverse direction taken at the point where the stress-strain curve deviates from the elastic deformation straight line (approximately 0.1% strain). Figure 6 The Bauschinger stress parameter With the increase in pre-strain (dislocation density increase) and microalloying element content (particle number density increase) the Bauschinger stress parameter increases ( Figure 6 ). Annealing led to the stress parameter decreasing due to the dislocation density decrease. Hence, with increases in dislocation density and particle number density, the yield stress drop during reverse deformation increases.
Qualitatively, this corresponds to the back stress and Orowan theories of the Bauschinger effect [13, 14] ; according to which an increase in the number density of dislocation-obstacle interaction sites results in the back stress increasing leading to the yield stress drop in the reverse direction increasing. However, the quantitative increase in the Bauschinger stress parameter of 3.2 % from the C-Nb-V annealed to the C-Nb-V as-rolled (where dislocation density is the only difference) and 6.5% from the C-Nb as-rolled to the C-Nb-V as-rolled steel (where dislocation density and number density of small (CuS + V(CN)) particles is different) is less than might be expected, especially considering the change in particle number density in the range 3-50nm (Table 8) . However, not all the particles equally contribute to strength. It is known, that the particle pinning mechanism depends on the particle diameter and type ( Figure 7 ). Small coherent particles can be cut by moving dislocations, which will happen more easily for lower particle strength (due to different chemistries). a b Figure 7 Schematic diagram of dislocationparticle interaction during (a) forward and (b) reverse loading Dislocation-particle interaction investigation has shown, that the Cu-V-rich particles in the C-Nb-V steel are not effective in dislocation pinning if the particle diameter is less than about 12 nm (Figure 8 ).
Thus, considering only particles in the 12-50 nm diameter range, it can be seen that annealing led to an effective particle number density increase from 190 m-3 in the C-Nb-V as-rolled steel to 900 m-3 in the C-Nb-V annealed steel (Table 8) . As a result, the Bauschinger stress parameter decrease due to the dislocation density decrease was not significant, as it was compensated by the increase in the effective particle number density. Thus, when predicting the strength and Bauschinger parameters, not only the particle volume fraction and number density, but also particle chemistry, size, and distribution in the matrix, should be taken into account. In the present work, the effective particle diameter was found for the Cu-rich particles. However, particle chemistry will probably influence the magnitude of the effective particle diameter via interatomic bond strength and particle lattice type. Therefore, further work is required to fully understand the particle-dislocation interaction and to quantify its influence on the mechanical properties development.
CONCLUSIONS
Two pipeline steel plates, C-Nb (X60) and CNb-V (X65), have been characterized in terms of grain size, precipitates, and dislocation density, in the as-rolled and annealed conditions. Compressiontension reverse strain tests were carried out to determine the Bauschinger stress parameter, which has been related to the dislocation and precipitate characteristics. The main results are as follows:
1. During the reverse deformation the Bauschinger stress parameter increases with an increase in the particle number density and dislocation density.
Quantitative contribution of particles and dislocations on the Bauschinger effect depends on the particle chemistry, size, and distribution in the matrix. 2. The Cu-V-rich particles were found to be ineffective in dislocation pinning during slip if the particle diameter is less than 12 nm.
